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BACKGROUND OF THE INVENTION 



I. Field of the Invention 

The present invention relates to wireless communication and radar systems. More 
specifically, the present invention relates to a novel and improved antenna array 
processor that controls beam-forming^and scanning operations and that also introduces a 
new spread spectrum technique. 

II. Description of the Related Art 

Multiple access communication techniques include time-division multiple access 
(TDMA), frequency division multiple access (FDMA), amplitude modulation, and spread 
spectrum. Spread spectrum techniques provide some improvements over the other 



multiple access techniques depending on the type of spread spectrum used. Spread 
spectrum techniques are based on the principle of expanding a transmitted baseband 
signal in frequency. This achieves superior interference-rejection by utilizing high 
process gain to reduce noise and interference in the received signal. 

There are four basic types of spread spectrum. Frequency-hopping spread 
spectrum (FHSS) is a well-known technique that provides effective rejection of narrow- 
band jamming interference and mitigates near-far interference. Chirped FM spread 
spectrum is a technique used primarily in radar systems. Orthogonal frequency division 
multiplexing (OFDM) is used to spread high data-rate information streams into multiple 
low data-rate streams carried on separate carrier frequencies. Direct sequence CDMA 
(DS-CDMA) is particularly useful in multiple access communication systems because it 
allows for very efficient use of the frequency spectrum and provides for improved 
frequency reuse. There are also hybrid techniques that combine various aspects of the 
four basic spread spectrum types. Most notable are frequency-hopped direct sequence, 
time-division direct sequence, and orthogonal frequency CDMA (also known as multi- 
frequency CDMA or MF-CDM A). 

Frequency reuse is the process of using the same frequency in two separate 
geographic regions for two distinct communication links. Frequencies can be reused 
provided that the two regions are attenuated or isolated from each other by a minimum 
value for signal rejection by user receivers in each region. U.S. Pat. No. 4,901,307 
describes the process of creating marginal isolation, which provides an increase in 
frequency reuse in DS-CDMA systems. In DS-CDMA, even small reductions in the 
overall power level of the system allow for increased system capacity. One particularly 
effective method for creating isolation and improving frequency reuse is spatial division 
multiple access (SDMA). SDMA applications to multiple access communication systems 
including adaptive array processing are discussed in U.S. Pat. No. 5,642,353, U.S. Pat. 
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No. 5,592,490, U.S. Pat. No. 5,515,378, and U.S. Pat. No. 5,471,647. In addition to 
frequency reuse, antenna arrays also provide increased processing gain and improved 
interference rejection. 

The advantage to using adaptive antenna arrays for DS-CDMA communications 
is that adaptive antenna arrays could provide significant improvements in range 
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extension, interference reduction, and capacity increase. To identify a particular user, a 
DS-CDMA system demodulates Walsh codes after converting the received signal from 
RF to digital. Therefore, an adaptive antenna array requires information about the user 
codes from CDMA radio, or it needs to demodulate many different incoming RF signals 
to track mobile users. These methods are complex processes and are more difficult to 
implement than the tracking of users in non-CDMA systems. Major changes in CDMA 
radio architecture are required to implement adaptive array processing. These changes 
may be the major obstacle for adaptive array deployment in the near future. 

Phased array antenna systems employ a plurality of individual antennas or 
subarrays of antennas that are separately excited to cumulatively produce an 
electromagnetic wave that is highly directional. The radiated energy from each of the 
individual antenna elements or subarrays is of a different phase so that an equiphase 
beam front, or the cumulative wave front of electromagnetic energy radiated from all of 
the antenna elements in the array, travels in a selected direction. The difference in phase 
or timing between the antenna's activating signals determines the direction in which the 
cumulative wave front from all of the individual antenna elements is transmitted. 
Analysis of the phases of return beams of electromagnetic energy detected by the 
individual antennas in the array similarly allows determination of the direction from 
which a return beam arrives. 

Beamforming, which is the adjustment of the relative phase of the actuating 
signals for the individual antennas, can be accomplished by electronically shifting the 
phases of the actuating signals. Beamforming can also be performed by introducing a 
time delay in the different actuating signals to sequentially excite the antenna elements 
which generate the desired direction of beam transmission from the antenna. However, 
phase-based electronically controlled phased array systems are relatively large, heavy, 
complex, and expensive. These electronic systems require a large number of microwave 
components (such as phase shifters, power splitters, and waveguides) to form the antenna 
control system. This arrangement results in a system that is relatively lossy, 
electromagnetically sensitive, hardware-intensive, and has a narrow tunable bandwidth. 

Optical control systems can be advantageously used to create selected time delays 
in actuating signals for phased array systems. Such optically generated time delays are 
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not frequency dependent and thus can be readily applied to broadband phased array 

antenna systems. For example, optical signals can be processed to establish the selected < 

time delays between individual signals, thus causing the desired sequential actuation of 

the transmitting antenna elements. The optical signals can then be converted to electrical 

signals, such as by a photodiode array. Different types of optical architectures have been 

proposed to process optical signals that generate selected delays. Examples of these 

architectures are fiber optic segments of different lengths for routing the optical signals; 

deformable mirrors for physically changing the distance light travels along a reflected 

path before being converted to an electrical signal; and free space propagation based 

delay lines, which typically incorporates polarizing beam splitters and prisms. 
3W-3?f in- ID- 

MS. Pat. No. 5,1 17,239 and U.S. Pat. No. 5,187,487 describe a system that 

creates a cluster of optical beams coupled into individually-controlled pixels of a spatial 
light modulator (SLM). The SLM provides selectable phase shifts to each of the beams. 
Some optical delay devices, such as U.S. Pat. No. 5,461,687, utilize the refractive 
properties of different wavelengths of light to provide individually controlled phase 
shifting of wavelength-multiplexed light. Although optical processing offers great 
improvements over radio frequency (RF) and digital array processing, current optical 
processing approaches merely replace microwave components with optical components 
without reducing the complexity of the system. For example, an optical system having a 
number N of array elements requires N phase-shifters and N associated phase-shifter 
control systems. Some devices, such as Rotman lenses, are designed to reduce or 
eliminate the need for adjustable phase shifters. However they increase system 
complexity and size by introducing complex elements and systems as well as by 
introducing additional detectors. 

Several optical systems that exhibit unusual properties have been built, but their 
application to phased array signal processing had been overlooked. In the Optics Letters 
article "Broadband Continuous Wave Laser," applicant described a laser design that 
utilizes a traveling-wave frequency-shifted feedback cavity (FSFC) to circulate light 
through a gain medium. Light circulating through the FSFC is frequency shifted by an 
acousto-optic modulator (AOM) upon each pass through the cavity. A unique 
characteristic of this cavity is that, unlike a Fabry-Perot cavity, it does not selectively 
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attenuate signal frequencies. In the thesis "A New Method for Generating Short Optical 
Pulses," applicant describes how an optical signal propagating through a FSFC is spread 
in frequency to generate broadband lasing, where the amount of frequency spreading is 
proportional to the number of times that light circulates through the cavity. In the Applied 
Physics Letters article "Optical Pulse Generation with a Frequency Shifted Feedback 
Laser," applicant describes an interference condition in which the broadband output of 
the laser produces short optical pulses, which have a frequency that is related to the RF 
shift frequency of the AOM. The time-domain characteristics of these optical pulses are 
similar to RF pulse-radio emissions. 

Although pulse-radio systems are well known in the art, they are not well suited 
for commercial applications. Pulse-radio is a time-domain system that produces 
broadband radiation as a natural artifact resulting from the generation of short-duratio n 
pulses. Broad bandwidth, hence large effective processing gain, makes pulse radio ideal 
' for covert communications. However, its broad bandwidth, particularly the portion 
occupying the low-frequency ranges of the RF spectrum, makes proposed commercial 
pulse-radio systems unlikely candidates for FCC approval. The short pulse width of 
pulse-radio signals makes Rake reception very difficult. A Rake receiver used in a pulse- 
radio system would require an extraordinary number of taps, on the order of the pulse 
repetition rate divided by the pulse width. 

SUMMARY OF THE INVENTION 

Therefore it is the principle object of the present invention to provide a novel and 
improved method and apparatus for the generation of excitation signals across an antenna 
array to control a directional beam pattern. The foregoing is accomplished by repeatedly 
circulating or otherwise reflecting within a cavity a continuous wave through a piece of 
equipment adapted to bring about a frequency shift upon each pass through the cavity. 
Consequently, each of a plurality of waves inside the cavity is provided with an 
incremental value of delay and an incremental frequency shift that is proportional to the 
amount of delay. A plurality of transmit signals are coupled out of the cavity and are 
wavelength demultiplexed to produce a plurality of separated transmit signals 
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representing different incremental delays. Each of the separated signals is coupled to an 
array element and down-converted for transmission to produce the array's beam pattern. 
Similarly, an incident RF receive signal is received by each antenna array element and 
converted into one of a plurality of optical receive signals having an incremental 
frequency associated with the array element. The optical receive signals are coupled into 
the cavity and thus delayed and frequency shifted in the manner previously described. A 
portion of the delayed and frequency-shifted optical receive signals are coupled out of the 
cavity and separated by frequency in a receiver. Each frequency represents an 
incremental time sample of the signal received from a direction determined by the value 
of the incremental delay provided by the cavity. 

It is, therefore, a second objective to provide a Rake-type receiver that is capable 
of sampling signals in time without the use of delay taps. 

Another objective of the invention herein disclosed and claimed is to produce a 
train of ultra-short RF pulses from a heterodyned frequency-shifted feedback cavity, thus 
providing a novel spread-spectrum communications format. 

Accordingly, another object is to provide pulsed output resulting from 
interference between a plurality of carrier waves, the carrier waves being chosen with 
respect to frequency band constraints. 

Still another objective is to provide a spread-spectrum format that is easily 
adapted to adaptive array processing in a multiple-access communications system. 

Another object of the invention is to control the direction of an antenna beam 
pattern of an array comprising a large number of antenna elements by controlling the 
incremental delay of excitation of the array elements through the use of a single delay 
device. 

Still another objective is that of providing a broadband antenna array pattern 
having lowered sidelobe magnitudes and no secondary main-lobe structures. 

An additional objective is that of shaping time-domain pulses by applying a 
tapered window function to carrier-signal amplitudes in the frequency domain. 

Further objects of the invention herein disclosed and claimed are to provide 
narrow pulse widths and lower time-domain sidelobes by utilizing non-redundant spacing 
of interfering carrier frequencies, to shape and control fringes in time-domain pulses via 
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frequency domain adjustments of carrier signals, and to smooth out comb structures in 
the frequency domain by dithering the frequency of each carrier signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic of an array processor including a traveling-wave cavity that 
contains a frequency-shifting device through which optical signals are circulated. 

FIG. 2 is a plot of time-domain pulses resulting from constructive interference 
between 10 incrementally spaced-in-frequency carrier signals. 

FIG. 3 is a plot of time-domain pulses resulting from constructive interference 
between 50 incrementally spaced-in-frequency carrier signals. 

FIG. 4 is a comparison plot of a time-domain pulse and a signal resulting from a 
sum of carrier signals whose phases have been adjusted by a maximal direct sequence 
* code. 

FIG. 5 is a plot of a time-domain signal resulting from a sum of carrier signals 
whose phases have been adjusted by a maximal direct sequence code within a narrow 
time interval centered around the amplitude of the pulse shown in FIG. 4. 

FIG. 6 is a frequency versus amplitude plot of a tapered distribution of carrier 

signals. 

FIG. 7 A is a plot of a time-domain pulse train resulting from the sum of 19 
incrementally spaced-in-frequency carrier signals having uniform amplitude. 

FIG. 7B is a plot of a time-domain pulse train resulting from the sum of 19 
incrementally spaced-in-frequency carrier signals that are tapered in amplitude. 

FIG. 8 is a plot of five of ten incrementally spaced-in-frequency carrier signals 
and a signal representing the sum of the ten carrier signals. 

FIG. 9A is a frequency versus amplitude plot of a group of five carrier signals 
having discreet incrementally-spaced frequencies. 

FIG. 9B is a plot of a time-domain pulse train created by the mode-locked sum of 
the carrier signals shown in FIG. 9A. 
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FIG. 10A is a frequency versus amplitude plot of two groups of carrier signals 
having discreet incrementally-spaced frequencies, the groups being separated from each 
other in the frequency domain. 

FIG. 1 OB is a plot of a time-domain pulse train created by the mode-locked sum 
of the carrier signals shown in FIG. 10A wherein the pulses contain fringes. 

FIG. 1 1 A is a frequency versus amplitude plot of two groups of carrier signals 
having discreet incrementally-spaced frequencies, the groups being separated from each 
other in the frequency domain by an amount that is greater than the group separation 
shown in FIG. 10A. 

FIG. 1 IB is a plot of a time-domain pulse train created by the mode-locked sum 
of the carrier signals shown in FIG. 1 1 A wherein the pulses contain fringes. 

FIG. 12A is a frequency versus amplitude plot of three groups of carrier signals 
having discreet incrementally-spaced frequencies, the groups being separated from each 
other in the frequency domain by an amount that is equal to the group separation shown 
in FIG. 10A. 

FIG. 12B is a plot of a time-domain pulse train created by the mode-locked sum 
of the carrier signals shown in FIG. 12A wherein the pulses contain fringes and sidelobes. 

FIG. 13 is a time-domain plot illustrating periodic pulses resulting from the sum 
of a plurality of incrementally spaced discreet-frequency carrier signals. 

FIG. 14 is a time-domain plot resulting from a phase-locked sum of a plurality of 
non-incrementally spaced-in-frequency carrier signals. 

FIG. 15 is a time-domain plot showing sidelobes surrounding a pulse resulting 
from the sum of a plurality of incrementally spaced discreet-frequency carrier signals. 

FIG. 16 is a time-domain plot showing amplitude-reduction in the sidelobes 
surrounding a pulse resulting from a phase-locked sum of a plurality of non- 
incrementally spaced-in-frequency carrier signals. 

FIG. 17 is a plot of an antenna beam pattern for each of ten incrementally spaced 
discreet- frequency carrier signals . 

FIG. 18 is a plot of an antenna beam pattern resulting from the sum of ten 
incrementally spaced discreet-frequency carrier signals. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The standard method for sustaining laser oscillation uses feedback from a Fabry- 
Perot cavity. The multiple reflections within the cavity lead to destructive interference for 
all frequencies of light except those discreet frequencies that correspond to the standing 
waves of the cavity. This is demonstrated by frequency discrimination that occurs within 
an etalon. The intensity of light that is transmitted through an etalon is sharply peaked at 
the resonance of the cavity. Non-resonant waves destructively interfere within the cavity, 
thus canceling almost entirely. Therefore, a Fabry-Perot cavity used as a feedback cavity 
in a laser causes the laser output power to be distributed in a narrow spectral region that 
corresponds to the modes of the cavity. 

A traveling-wave FSFC laser, as described in the cited papers co-authored by 
applicant, does not selectively attenuate frequencies. Rather, this laser is characterized by 
its unusually broad spectral output, which has no mode structure. A frequency-shifting 
device, such as an AOM, is used inside the cavity to incrementally shift the frequency of 
circulating light upon each pass through the cavity. A gain medium inside the cavity 
maintains a constant intensity of the light over a broad spectral range, and a system of 
mirrors is used to circulate light through the AOM and the gain medium. Spectral 
analysis of the laser output indicated a continuous distribution of energy, which has a 
full-width half-maximum of 8 Angstroms centered at 5900 Angstroms. 
*3^S 6^An optical processor for an antenna array 150 shown in FIG. 1 derives its 

operational characteristics from a traveling- wave FSFC 100. The processor includes an 
injection source 1 10 for generating an oAtical transmit seed signal. The injection source 
1 10 is optically coupled to the FSFC 100\The injection source 1 10 may use any type of 
light-emitting source to generate the transmit seed signal. In this embodiment, the 
injection source includes a laser source 1 lAand a laser source controller 1 14. The FSFC 
100 includes a frequency-shifting device (sdeh as an AOM 107) and a cavity-length 
adjustment device (such as a translation stagd 109), which is controlled by a scan 
controller 149. The FSFC 100 may also include a gain medium (not shown). An optical- 
to-RF signal converter such as a heterodyne detection device 120, is optically coupled to 
the FSFC 100. The heterodyne detection deviceyl 20 includes an output-beam wavelength 
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demultiplexer (such as a diffractidn grating 122), a fiber optic array link 124, an optical 
reference source 121, a reference foeam fiber optic link 123, and a photodiode array 126 
comprised of a plurality of photodiodes. A transmit/receive coupler array 130 connects 
the antenna array 150 to the photodiode array 126 and to an RF-to-optical signal 
converter 142 inside an optical receiver network 140. The RF-to-optical signal converter 
142 is coupled to the FSFC 100 A la an optical beam combiner 144. The optical receiver 
network 140 also includes a rece] ve-beam wavelength demultiplexer, such as receiver 
diffraction grating 146, coupled ti the FSFC 100. The receiver diffraction grating 146 is 
also optically coupled to a receiv^ 148. 

The antenna array 150 shown in FIG. 1 includes five array elements 150A, 150B, 
150C, 150D, and 150E. However, the present invention is capable of controlling a much 
larger number of array elements. Broadband characteristics of the FSFC 100 make it an 
ideal device for providing incremental delays to a very large number of elements. For 
example, a FSFC 100 having the same broadband characteristics as the frequency-shifted 
feedback laser described in the aforementioned papers would be capable of providing 
incremental delays to more than 6000 antenna array elements. 
#9NThe laser source 1 12 may bi any type of laser-beam generator that can provide 
beam intensities sufficient for operation of the processor as described in this application 
and may include more than one lasdr. The laser source is preferably a semiconductor 
laser. The laser source 1 12 emits anbptical transmit seed signal that is coupled into the 
FSFC 100. For beam-forming applications, it is preferable that the transmit seed signal be 
a narrow-band signal. It is possible aid in some cases preferable for the laser source 1 12 
to emit multiple optical signals, each having a different frequency. Each frequency of the 
transmit seed signal emitted by the la&r source 1 12 and coupled into the FSFC 100 is 
ultimately used to control at least one RF beam pattern radiated by the antenna array 150. 
The multiple optical signals may contrbl multiple beam patterns and/or multiple sub- 
arrays of the antenna array 150. Howe4r, the embodiment of the array processor shown 
in FIG. 1 is used to describe how the processor functions with respect to a single 
frequency of light input into the FSFC B00. In this case, the laser source 1 12 is modulated 
by the laser-source controller 1 14 at a dlta rate corresponding to an information signal to 
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be transmitted. Various types of modu ation may be used to produce a modulated 
transmit seed signal, such as AM, FmJ PAM, PSK, FH, and time-offset modulation. 

The FSFC 100 shown in FIG. 1 includes a traveling-wave cavity comprising a 
plurality of mirrors 101, 102, 103, and 104 for circulating optical traveling waves around 
a closed loop. Equivalently, any type of waveguide that utilizes optical reflection or 
refraction may be used to circulate light. A travelling wave cavity may have a number of 
reflecting surfaces, each of which must be properly aligned for proper operation. Thus it 
is preferable to use a cavity design that minimizes the difficulty in achieving proper 
alignment. In this case, we assume the FSFC 100 has a round-trip length L that is 
independent of the frequency of the circulating optical waves. This causes the transmit 
seed signal in the FSFC 100 to be incrementally delayed relative to the number of round 
trips made by the transmit seed signal, thus providing a plurality of delayed transmit 
signals. The first five delayed transmit signals are S Tn (n=l,...,5): S T i, St2, S T 3> S T 4, and 
S T5 . Each of the delayed transmit signals S T „ incurs an incremental delay t dn = nL/C as it 
circulates through the FSFC 100. C is the speed of light in the FSFC 100 and n is an 
index representing the number of times that the transmit seed signal has circulated 
through the FSFC 100. The FSFC 100 is unusual in that, unlike a Fabry-Perot cavity, it 
does not produce modes. Thus, the length of the FSFC 100 does not limit the frequency 
of the light circulating inside the cavity 100. 

The FSFC 100 focuses light into the aperture of the AOM 107. Although the 
AOM 107 shown is classified as a "bulk" optic frequency shifter, other types of 
frequency shifters (such as fiber optic frequency shifters) may be used. The AOM 107 
comprises a transducer 106 that is electrically coupled to an RF source 108. Light 
incident on the AOM 107 is split into two clusters of beams, one of which is undiffracted 
and one of which is diffracted and Doppler-shifted by an amount corresponding to a shift- 
frequency f s equal to that of an RF signal generated by the RF source 108. The 
undiffracted and diffracted beams emerging from the AOM 107 are spatially separate, the 
angular separation between the two beams being equal to twice the Bragg angle. In this 
case, the AOM 107 functions as an input coupler to optically couple the transmit seed 
signal into the FSFC 100. However, other methods of coupling the transmit seed signal 
into the FSFC 100 may be used without departing from the scope of the invention. 
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The transmit seed signal coupled into the FSFC 100 from the laser source 1 12 
circulates through the FSFC 100 in a clockwise direction. As optical signals circulate 
through the FSFC 100, they are frequency shifted by a fixed amount upon each pass 
through the AOM 107. The delayed transmit signals S Tn are frequency shifted by the shift 
frequency f s upon each pass through the AOM 107 that results in the signal S Tn beirig 
diffracted. Therefore, the delayed transmit signals S Tn are also referred to as frequency- 
shifted transmit signals. The number of times each of the delayed transmit signals S Tn has 
circulated through the FSFC 100, hence its delay, is implicitly known from its 
wavelength. Each of the delayed transmit signals S Tn has a frequency equal to f 0 + (n-l)f s , 
where f 0 is the frequency of the transmit seed signal. The process of adjusting the 
effective length L of the FSFC 100 adjusts the incremental delay without significantly 
affecting the frequency or the amplitude of the optical signals circulating inside the FSFC 
100. Thus, length adjustment of the FSFC 100 results in scanning the antenna array's 150 
beam pattern. 

The translation stage 109 is attached to mirrors 103 and 104 of the FSFC 100 and 
may be used to adjust the incremental delays provided by the FSFC 100 to the delayed 
transmit signal beams, which ultimately control excitation of the elements of the array 
150. Other types of cavity-length adjustment devices may be used. For example, an 
intracavity delay device, such as a rotating quartz block (not shown) may be used to scan 
the beam pattern of the antenna array 150. Frequency-selectiv e delay ma y be applied to j 
signals inside the FSFC 100 or following the output of the FSFC 100 in order to provide j 



non-incremental delay that enhances focusing capabilities of the antenna array 150. 
"A New Method for Generating Short Optical Pulses" explains that the 




bandwidth of the frequency-shifted feedback laser is limited due to geometric constraints 
of the FSFC 100. The AOM 107 diffracts light an amount that depends on the wavelength 
of the light causing light that is not inside the FSFC's 100 bandwidth to transit out of the 
cavity 100. Either or both the placement and the selection of mirror parameters (size and_ 
focal length) for mirrors 101, 102, 103, and 104 in the FSFC 100 can be used to increase^ 
the bandwidth of the FSFC 100. This also indicates that there are certain spatial 
"relationshipTassociated with the wavelength of the circulating light within the FSFC 100 
that may be used to provide variable delays to the signal beams. These spatial 
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relationships may also be used to provide amplitude control to the distribution of transmit 
signals over the antenna array 150. For example, masks (not shown) and spatially 
selective attenuation or gain devices (not shown) may be used to adjust the amplitude 
distribution of signals circulating inside the FSFC 100 for the purpose of beam shaping. 

Losses in the FSFC 100 result in a reduction in the intensity of optical signals as 
they circulate through the cavity 100. Therefore it may be advantageous to provide a gain 
medium (not shown) inside the FSFC 100. The gain medium (not shown) may be excited 
optically, electrically, or chemically to stimulate its initial emissions. Furthermore, the 
gain medium may be the coupling means through which the transmit seed signal from the 
injection source 1 10 is coupled into the cavity 100. One possible embodiment, although 
not described in detail in this discussion, involves the excitation of the gain medium 
being directly modulated, such as by the laser source controller 114, for generating a 
modulated transmit signal. A first criteria of the gain medium is that the initial stimulated 
emissions are narrow band and single frequency. Accordingly, it is advantageous that the 
gain medium (not shown) comprises a Fabry-Perot cavity having a harmonic response 
that generates modes associated with the shift frequency f s generated by the AOM 107. A 
second criteria for the gain medium (not shown) is that it produce narrow-band single- 
frequency stimulated emissions in response to narrow-band single-frequency delayed 
transmit signals S Tn in the FSFC 100. 

In the embodiment shown in FIG. 1, the AOM 107acts as a n output coupler for 
coupling a portion of the delayed transmit signals S Tn circulating in the cavity 100 to the 
heterodyne detection device 120. Other types of output couplers may be used, such as 
partially transmitting mirrors (not shown) and beam-splitters (not shown). An output 
coupler should be chosen based on the effect that it has on the intensity of light 
circulating inside the cavity 100. In this case, the AOM 107 also acts as an input coupler 
for coupling light from the laser source 1 12 into the FSFC 100. The beam from the laser 
source 1 12 is focused on the AOM 107 at the Bragg angle so that undiffracted light is 
coupled into the FSFC 100. The diffracted light represents an insertion loss. Another 
option involves coupling the light from the laser source 1 12 through the AOM 107 at an 
angle that couples diffracted light into the FSFC 100. Thus, the undiffracted light would 
represent an insertion loss. The AOM 107 may be a multichannel AOM (not shown) used 
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for more than one transmit or receive signal. The multi-channel AOM (not shown) may 
have parallel inputs that employ multiple acousto-optic modulators on a common 
acousto-optic medium, and may have multiple independent channels. 

The AOM 107 and the FSFC 100 may also be used to process a transmit/receive 
pair of signals for full-duplex operation. This is illustrated in FIG. 1 in which a 
wavelength-multiplexed receive signal from the optical receiver network 140 is also 
coupled through the AOM 107 into the FSFC 100. Once again, the AOM 107 functions 
as an input coupler. Other types of input couplers may be used. The choice of input 
coupler should depend on the input coupler's effect on the intensity of light circulating in 
the FSFC 100 as well as the insertion loss associated with coupling light into the FSFC 
100. 

The process of wavelength demultiplexing the frequency-shifted transmit signals 
S Tn that are output from the FSFC 100 achieves separation of these signals relative to 
their delay. The heterodyne detection device 120 receives a portion of the frequency- 
shifted transmit signals S Tn coupled out of the FSFC 100. The coupled-out portion of 
frequency-shifted transmit signals S Tn are spatially demultiplexed by the diffraction 
grating 122, which separates these signals according to their wavelength into a plurality 
of wavelength-demultiplexed transmission signals S DTn . Thus the wavelength- 
demultiplexed signals S DTn are effectively separated with respect to index n. Although the 
diffraction grating 122 is shown, other types of demultiplexers, such as photo-refractive 
elements (not shown), may be used to demultiplex signals S D Tn. 

Each of the demultiplexed transmission signals S DTn is coupled into an optical 
fiber that is part of the fiber optic array link 124. Each fiber in the fiber optic array link 
124 is preferably of an incremental or uniform length to provide incremental or uniform 
delay to each of the demultiplexed signals S D Tn and is terminated in a respective 
photodiode in the photodiode array 126. 
Sj> //* The optical reference source 12l\ generates a plurality of optical reference signals 
S Re fn. Each of the signals S Re fn is coupled to a respective photodiode in the photodiode 
array 126 via the reference beam fiber op :ic array link 123. The optical reference signals 
S Re fn are distinguished from each other b) the index n. In this case, the reference signals 
S Re fn generated by the optical reference sc urce 121 have incremental frequencies f Refn = f c 



+ nf s relative to index n and have 
107 shift frequency f s . A constant 
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in incremental value substantially equal to the AOM's 
center frequency f c is a component of each of the 



reference frequencies f Re f n . The reference source signals S Re f n are combined with the 
demultiplexed transmission signals S DT „ with respect to the index n at the photodiode 
array 126. Each photodiode of trie photodiode array 126 detects the interference between 
one of the optical reference signkls S Re fn and one of the demultiplexed transmission 
signals S D Tn- Each of the photod&odes generates a corresponding radiative transmit signal 
Sjxn, which in this case is an Retransmit signal or an intermediate signal. The radiative 
transmit signal S TXn has a differential frequency f d = lf c - U The value of the differential 
frequency f d may change with rkpect to changes in the signal frequency f„. In this case, 
the reference source 121 may c omprise an array of lasers (not shown) or a Fabry-Perot 
laser (not shown) that outputs i plurality of modes corresponding to the frequency shifts 
f s generated by the AOM 107.J 

The RF transmit signals S TX n are coupled to the antenna array 150 by the 
transmit/receive coupler array 130, which operates in either or both a transmit mode and 
a receive mode. In the transmit mode, the transmit/receive coupler array 130 couples the 
RF transmit signals Srxn to the antenna array 150. In the receive mode, the 
transmit/receive coupler array 130 couples RF receive signals S RXn received from the 
antenna array 150 to the optical receiver network 140. Each of the RF transmit signals 
S TX n is amplified by one of a plurality of amplifiers (not shown) in the antenna array 150 
to generate an amplified RF transmit signal component. Each RF transmit signal 
component is radiated by one of the plurality of array elements 150A to 150E. The 
component radiated by each array element has an incremental delay defined by the index 
n, the round-trip length L of the FSFC 100, and the relative path length of the delayed 
transmit signal coupled from the FSFC 100 to the antenna element of the array 150. The 
direction of the radiated RF transmit signal is determined by the incremental delays at the 
antenna elements. 

A plurality of RF signals S RX „ are generated by the array elements 150A to 150E, 
which are responsive to incident RF radiation. Each of the RF signals S RXn corresponds to 
one of the array elements 150A to 150E as represented by the index n. The RF signals 
S RXn are routed through the transmit/receive coupler array 130 to the optical receiver 
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network 140. The RF-to-optical converter 142 converts each of the received RF signals 
S RXn into an optical receive signal S Ron . Each optical receive signal S Ron has a unique base 
frequency that corresponds to the particular antenna element that is associated with that 
signal. The amplitude, phase, and frequency of the optical receive signals S ROn are 
responsive to modulations of received RF carrier frequencies. 

In the case where the antenna array 150 is a phased array (the elements 150 A to 
150E are separated by a uniform distance), the difference in frequency between the 
optical receive signals S ROn corresponds to an integer multiple, such as the index n, of the 
AOM 107 shift frequency f 0 . bi this particular example, the frequency f n of each optical 
receive signal S ROn is the sum of a base frequency f 0 and the integer multiple (n-1) of the 
shift frequency f s . The base frequency of the optical receive signal S RO i corresponding to 
the RF signal received by antenna element 150 A has a value: fi = f 0 . The optical receive 
signal S R0 2 corresponding to the RF signal received by antenna element 150B has a base 
frequency: f 2 = f 0 + f s . The optical receive signal S R03 corresponding to the RF signal 
received by antenna element 1 50C has a base frequency: f 3 = f 0 + 2f s .. The optical receive 
signal S R0 4 corresponding to the RF signal received by antenna element 150D has a base 
frequency: f 4 = f 0 + 3f s . The optical receive signal S R05 corresponding to the RF signal 
received by antenna element 150E has a base frequency: f 5 = f 0 + 4f s . Each of the optical 
receive signals S ROn is combined in the optical beam combiner 144 to produce the 
combined receive beam. The combined receive beam is the sum over all n of the optical 
receive signals S Ron . The combined receive beam is coupled into the FSFC 100 through 
the AOM 107, which diffracts a portion of the combined receive beam into the FSFC 
100. As previously discussed, other types of optical couplers could be used. 

The angle of incidence of the combined receive beam at the AOM 107 allows a 
diffracted portion of the combined receive beam to be coupled into the FSFC 100. The 
diffracted combined receive beam circulates the FSFC 100 in a counter-clockwise 
direction, and it is frequency shifted to create a plurality of frequency-shifted receive 
signals S Rmn as it is diffracted through the AOM 107. An index m indicates the number of 
round trips in the FSFC 100 made by each signal S Rmn . The number of frequency shifts 
experienced by each signal S Rmn is one less than index m. The index n indicates that the 
signals S Rmn have a plurality of discreet frequencies related to the number n of discreet 
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frequencies in the optical receive signal S Ron . An undiffracted portion of each frequency- 
shifted receive signal S Rm „ is coupled out of the cavity 100 by the AOM 107 and 
separated from light emitted by the laser assembly 1 10 by a beam-splitter 1 16. Thus, a 
plurality of output receive signals S' Rm n having the same frequency profile as signals S Rm „ 
is coupled into the optical receiver network 140. The receiver diffraction grating 146 
separates the output receive signals S' Rmn into a plurality of component receive signals 
S cj . Each of the component receive signals S CJ has a different frequency represented by 
an index j where j = (m-1) + (n-1). One or more of the component receive signals S Cj are 
coupled into the receiver 148. 

The output receive signal has component frequencies fq starting at f C o = f 0 and 
increasing in incremental steps j of the shift frequency f s : fq = fo+jf«- For example, 
component receive signal S C4 has a frequency f C4 = f„ + 4f„ which corresponds to signals 
S'rsi, S' R 42, S' R33 , S' R2 4, and S' R15 . Signal S'rsi represents the optical receive signal S RO i, 
which corresponds to the excitation of antenna element 150A. The signal S RO i had a base 
frequency of f 0 before being circulated through the FSFC 100 five times and 
consequently being frequency shifted by an amount 4f s . Likewise, signal S' R4 2 represents 
optical receive signal S R02 from antenna element 150B after it has circulated through the 
FSFC 100 four times. Signal S'rss is a portion of signal S R03 from antenna element 150C 
that has circulated through the FSFC 100 three times. Signal S R2 4 represents the signal 
S R02 from antenna element 150D that has circulated through the FSFC 100 twice. Signal 
S'ris indicates part of the signal S RO i from antenna element 1 50E that was not diffracted 
by the AOM 107 on its single round trip through the FSFC 100. 

Each of the component receive signals Sq represents an incremental delay 
between each of the antenna elements 150A to 150E, where j indicates a different 
uniform delay that is distributed evenly across the antenna array 150. This enables the 
receiver 148 to function as a Rake receiver, thereby sampling in incrementally-spaced 
time intervals by tuning to a selection of incrementally-spaced (in j) component receive 
signal frequencies fq. Each of the component receive signals Sq, when sampled 
simultaneously, is a sample of a specific incrementally-spaced time interval. Unlike a 
conventional Rake receiver, which uses a clock to time the intervals in which samples are 
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taken, the receiver 148 can use a plurality of frequency filters (not shown) to sample in 
the time domain. 

The amount of incremental delay between the antenna elements 150 A to 150E 
determines the angular orientation of the array's 150 beam pattern. Adjusting the length 
of the FSFC 100 changes the effective viewing direction of the antenna array 150. Thus, 
the process of adjusting the cavity length to scan the antenna array can be controlled by a 
scan controller 149, which may be coupled to the receiver 148. In this configuration, the 
scan controller 149 measures the receiver's 148 output and uses that measurement to 
control the scanning process in order to optimize the receiver's 148 reception of a 
particular received signal. Thus, direction-of-arrival determination of received signals can 
be handled efficiently and with minimum computational complexity compared to 
conventional scanning techniques. 

Adjusting the FSFC 100 length changes the relative delay between the component 
receive signals S Cj . If the receiver 148 is operated in a Rake receiver mode (more than 
one signal Sq being observed), the time between samples can be adjusted by adjusting 
the FSFC 100 length. 

The reference source 121 lhay include a narrow-band single-frequency optical 
signal source. This causes the rad: ative transmit signal S T xn to be incremental in 
frequency with respect to index n and the shift frequency f s . This type of radiative 
transmit signal generates time-donain pulses by utilizing carrier interference multiple 
access (CIMA), a type of spread s )ectrum that makes use of interference between 
multiple carrier signals to create a l information signal. This particular type of CIMA is 
similar to mode locking in that motie-like carrier signals having incremental frequencies 
are phase locked to produce constrictive interference within a given time interval, 
resulting in sinc-type pulses. AlthoLgh the system in FIG. 1 is shown as a preferred 
embodiment of the invention for generating CIMA signals, other types of RF systems as 
well as optical systems may be used^to generate CIMA signals. 

Mode locking is a technique wherein a plurality of frequency-shifted optical 
signals are summed according to a particular phase relationship in order to produce short 
optical pulses. This is typically performed using a Fabry-Perot laser whose modes are the 
frequency-shifted signals, and the boundary conditions of the standing wave cavity 
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provide the phase relationship between the modes needed to generate pulses. The pulses 
occur at a repetition rate equal to the shift frequency f s . The pulse width is inversely 
proportional to the number of modes N. The pulse height (peak power) is the product of 
the average power of the modes and the number of modes N. In this example, there are N 
equal-amplitude modes. Thus the general expression for the electric field at a particular 
point ij* space: 

(Ml)/ 2 , 

e(t)= 2lE n eMi{o} a +nco s )t + ^{t)\ 



-(W-l)/2 

which can be written as: 



, s , Isin(Atay/2) 

4o=W'-»4 sinM2) 

where E„ is the electric field strength of each constant-amplitude mode, t is time, g) 0 is the 
center frequency, and co s is the angular shift frequency: co s = 2jtf s = 2nh. x is the period of 
the pulses. 

The equations for the electric field strength e(t) describe a mode-locked laser 
output. The term "mode locking," as referred to lasers refers to the process by which 
resonant longitudinal modes of a laser cavity are synchronized in phase, so as to produce 
a train of electromagnetic pulses in the laser output. However, this type of pulsed output 
can also be generated by the antenna array 150 in FIG. 1 . A novel aspect of the optical 
processor shown in FIG. 1 is that it generates a mode-lock-type spread-spectrum output 
comprising multiple RF carrier frequencies that interfere to generate a baseband 
information signal. The sinc-type pulses produced by this invention are similar to the 
time-domain output of pulse radio signals. However, the novel benefits of the present 
invention are defined by the frequency domain characteristics of CIMA pulses. For 
example, a pulse-radio output that occupies 2 GHz of frequency spectrum occupies the 
spectrum from 0 to 2 GHz. However, it is possible to select a group of signals in any 
frequency band to produce CIMA signals. The interference relationship between the 
group of signals determines the time-domain characteristics of the pulse. Thus, a CIMA 
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output that occupies 2 GHz of bandwidth may comprise signals in the frequency 
spectrum between 28 and 30 GHz. 
<£)*~\ A plot of a mode-lockedl output generated by the sum of ten equal-amplitude 
modes is shown in FIG. 2, and alplot of a mode-locked output produced by the 
interference between 50 equal-ariaplitude modes is illustrated in FIG. 3. Each mode has a 
frequency that equals the sum of Abase frequency f b and an integer multiple i (i = 1,...,N) 
of an incremental separation frequency & In the case where the FSFC 100 is used to 
generate the modes, the base frequency f b may correspond to the optical transmit seed 
signal's frequency, and the separatioii frequency ft may correspond to the shift frequency 
f s of the AOM 107. In this case, the bkse and separation frequencies f b and ft have relative 
values of 1000 and .5, respectively, aAd have units of inverse time scaled by an arbitrary 
multiplier. The ten modes that comprise the pulses shown in FIG. 2 range in frequency 
from 1000.5 to 1005. The frequency spectrum occupied by the pulses shown in FIG. 3 
includes 50 discreet frequencies in the Lge of 1000.5 to 1025. The pulses are essentially 
envelopes that enclose a signal that has \ frequency that is approximately the value of f b . 
The significance of this example is that iA shows that modes can be selected from limited 
frequency spectrums to produce short tim\-domain pulses for CIMA. 

FIG. 2 and FIG. 3 shows that as the number of modes increases,. the pulse height 
increases and the pulse width decreases. The pulses represent a constructive interference 
condition between the modes, which occurs in a narrow (t = 1/x) time domain, whereas 
the sidelobes indicate a quasi-orthogonal condition between the modes that exists 
throughout the rest of the time domain. In this quasi-orthogonal region, the amplitudes 
and phases of the individual modes are such that they combine destructively and thus 
substantially cancel. 

Because of the quasi-orthogonal nature of the modes, the application of a pseudo- 
random code to control the relative phases of the modes, as is done in OFDM-CDMA, 
has some inherent problems if it is applied to mode-locked signals. This is because the 
quasi-orthogonal nature of the modes, which is utilized to effect multiplexing, has a 
tendency to be disrupted by the imposition of another coding sequence. FIG. 4 illustrates 
a comparison between a mode-locked signal Ml and a summed OFDM-CDMA signal 
01. The mode-locked signal Ml comprises the sum of 21 modes, The OFDM-CDMA 
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signal Ol comprises the sum of the same 21 modes in which the phase of each mode has 
been bi-phase shift key (BPSK) phase shifted according to a maximal sequence of 21- 
chip length. As expected, the OFDM-CDMA signal 01 at time = 0 is much smaller than 
the mode-locked pulse of signal Ml. At time = 0, the mode-locked signal Ml is the sum 
of the maximum amplitudes of each mode. Because the maximum amplitude is the same 
for each mode, the applied maximal sequence reduces the time = 0 amplitude of 01 to 
one, an amount corresponding to the difference between the number of 0 degree and 180 
degree phase shifts dictated by the maximal sequence. Thus, modes having a tapered 
amplitude most likely produce an OFDM-CDMA signal 01 having poorer pulse- 
reduction at time = 0. More importantly, the OFDM-CDMA signal 01 exhibits spikes at 
other time intervals, which add significant levels of interference to users tuned to those 
time intervals. These spikes represent where the quasi-orthogonality of the modes, 
represented by the low-amplitude profile of the mode-locked signal Ml, has been 
compromised by the maximal coding sequence. 

One solution for reducing the deterioration of the quasi-orthogonal nature of the _ 
modes is to select a coding sequence that is applied within discreet time intervals. 
Preferably, these time intervals are about the size of the pulse-width of the mode-locked 
signal Ml or smaller. Because an orthogonality condition already exists between the 
modes, it is a preferred embodiment of the invention to provide direct-sequence coding to 
the modes only during a discreet time interval that contains the pulse of the mode-locked 
signal. FIG. 5 shows a mode-locked signal M2 that has a 21-chip maximal code applied 
to it within a time interval that is approximately the pulse width of M2 and is centered at 
time = 0. It is recommended that the direct-sequence code be chosen to compensate for 
any amplitude tapering of the modes. 

The expression for the electric field e(t) shown in FIG. 2 and FIG. 3 is a window- 
response function in the time domain. The electric field e(t) is simply the discreet-time 
Fourier transform (DTFT) of a rectangular window sequence w(n) in the frequency 
domain. The window sequence w(n) describes the amplitude distribution of the n = 1 to 
N modes, which so far have been considered to be equal amplitude. As N increases, the 
height of the first sidelobe approaches a constant value of -13.56 dB of the main-lobe 
amplitude. The sidelobes contain the harmonic power of the excitation sequence w(n), 
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thus reducing the rise and fall rates of the sequence w(n) with respect to n reduces the 
sidelobe level. 

The sidelobe level can be reduced by using a window sequence that tapers 
smoothly toward zero at the ends of the sequence. In antenna array processing, a spatial 
domain technique known as "array tapering" is used to reduce sidelobes of an antenna 
array's beam pattern. In DS-CDMA, a technique called minimum shift keying is used to 
shape chips in the time domain in order to reduce harmonic interference in the frequency 
domain. Consequently, an object of this invention is to taper the amplitude profile of 
modes that have discreet frequencies in order to reduce sidelobes of the mode-locked 
pulses in the time domain. 
^^^^^ FIG. 6 is a plot of the spectrAl profile of a sequence of modes w(n) having 

incremental frequency spacing and implitude tapering toward the edges of the sequence. 
All of the tapered window-filter techniques reduce sidelobes at the expense of increasing 
the main-lobe width. For example, tile generalized Hanning window can be interpreted as 
a class of windows obtained as a weighted sum of a rectangular window and shifted 
versions of the rectangular window. The shifted versions add together to cancel the 
sidelobe structure at the expense of cheating a broader main lobe. Some other types of 
tapered window sequences used in finite impulse response (FIR) filter design that are also 
applicable to the present invention include triangular (Bartlett), Hamming, Kaiser, 

i the case where the excitation distribution 
FSFC 100 (for example, this would be done in an 



Chebyshev, and Gaussian windows. Iii 
sequence w(n) is controlled within the 



be used, such as a thin etalon (not sho 



active FSFC 100, which contains a gai l medium), a frequency-discrimination device may 



m) or an optical filter (not shown), that provides 
variable attenuation with respect to watelength. Also, a spatial filter (not shown) or mask 
(not shown) may be used inside the ca\|ty 100 to attenuate certain frequencies of light 
relative to their spatial relationships inside the cavity 100. The optical-to-RF signal 
converter may use a window filter to taler the optical distribution input into the converter 
or taper the.RF distribution of the RF signal output from the converter. Other window 
filters such as frequency-selective or spatially selective variable gain or other forms of 
amplitude control may be applied to signhls after being coupled out of the cavity 100. 
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FIG. 7 A illustrates the time-domain output of part of a pulse train generated by a 
rectangular frequency-versus-amplitude window of 19 incrementally spaced-in-frequency 
modes. The pulse amplitude and time axes represent arbitrary units. The modes are 
centered at a normalized frequency of f b = 1000 and have an incremental normalized 
frequency separation of ft = 1. Thus, each pulse appears as an envelope function around a 
(relatively) high-frequency carrier signal. FIG. 7B illustrates how a tapered window 
applied to the 19 modes reduces sidelobe height and expands the main-lobe width of the 
pulses for the same distribution of modes shown in FIG. 7A. 

FIG. 8 shows five of the ten incremental-frequency carrier signals that combine to 
create a time-domain pulse. The pulse occurs between arbitrary time indices of -1 and 1, 
centered at time = 0. At time = 0, each of the carrier signals has a maximum, thus 
resulting in a pulse-amplitude maximum. Elsewhere, such as at time = 2, the difference in 
frequency between the carrier signals results in time offsets between the maxima of the 
carriers. This causes the carriers to combine destructively, resulting in an approximately 
null signal. Therefore, a receiver that is tuned to these carrier signals does not detect a 
signal (except perhaps some residual sidelobe radiation) even though the carriers exist. 
Also, the receiver may be tuned to a tapered frequency response around the center of the 
carrier frequencies in order to reduce the sidelobes of the received pulse. 

The time-domain length of each carrier signal may be longer than the width of 
each time-domain pulse because the cancellation of the carriers in the time intervals 
between each pulse results in a substantially null response from the receiver. In the 
system shown in FIG. 1, the time-domain length of the frequency-shifted transmit signals 
S Tn output from the FSFC 100 is determined by the pulse length of the transmit seed 
signal. One advantage to using relatively long carrier-signal lengths compared to the 
pulse width is that although the receiver response is null, a time sampling of each of the 
carrier signals in the null time intervals yields amplitude and timing information about 
the pulse. A receiver may provide a predetermined delay to each carrier signal that it 
receives in order to extract a pulse signal from the carriers. The delay between carriers 
depends on the difference in wavelength between the carriers scaled by the absolute value 
of time away from the time = 0. For carriers having incremental frequencies ft and base 
frequency f b , the difference in wavelength between adjacent carriers is: 
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X { = cfi/(f b +fi), where c is the speed of light. 

If the base frequency f b is very large with respect to the bandwidth (which is defined by 
N-fi, where N is the number of carrier signals), X { is substantially constant with respect to 
i, and the delay is approximately incremental. The FSFC 100 could be used to apply 
incremental delays to the received carrier signals. The concept of using a predetermined 
delay relationship between received carrier signals that have limited time-domain lengths 
is important in that it provides a means of multiple access based on timing of the carrier 
signals and delay profiles of the receivers. This technique also reduces reception of 
communication signals by broadband receivers that do not apply delay relationships to 
received carrier signals. 

In the case where each carrier signal is transmitted by a single element of the 
array 150, the delay relationships between the carriers received at a remote location also 
depends on the azimuth angle of the remote receiver relative to the array 150. Thus, a 
receiver tuned to a predetermined delay relationship between the carrier signals does not 
receive information embedded in the delay relationship between the carriers if the 
transmitting array 150 is located at a different azimuth angle than to that which the 
receiver is tuned. This provides an additional level of source verification and anti- 
spoofing to the communication-security protocol. 

CMA utilizes the TDM protocol for multiple access. In the system shown in FIG. 
1, the transmit seed signal has its delay set to provide a predetermined phase relationship 
between the transmitted carrier signals in one or more specific time slots. CMA has an 
advantage over DS-CDMA in that the TDM aspect of CDMA limits co-channel 
interference to neighboring time slots, whereas DS-CDMA users distribute co-channel 
interference over the entire channel. Accordingly, a CMA receiver (such as receiver 148) 
may receive its intended signal at an assigned time slot and sample the signals in adjacent 
time slots to produce a cancellation signal, which cancels signals that leak from the 
adjacent time slots. Because interference between the carriers results in the baseband 
information signal, the receiver 148 design is much simpler than a conventional receiver 
design because it does not require a demodulation system. 



In addition to TDM, the channel capacity of CMA may be expanded by the use 
of frequency-division multiplexing. Because the baseband information signals result from 
interference between carrier signals having a specific mode structure and phase 
relationship, any group of carrier signals that exhibit the same mode structure and phase 
relationship may be used to carry the information signals. This means that although two 
or more information signals may occupy the same time slot, they may be separated by the 
frequencies of their corresponding carriers. Thus a receiver equipped with frequency- 
selective filters accepts only those CMA signals that are intended for that receiver. 
Furthermore, the signal levels at the outputs of the filters may be monitored and 
selectively attenuated to reduce narrow-band interference or may be selectively enhanced 
to compensate for absorptive losses in the transmission path. 

Time-offset multiplexing (TOM) may be used as a form of TDM. In TOM, 
baseband information is correlated to a predetermined constellation of time offsets that 
occur around a given time interval. The time-domain location of received pulses is 
mapped to the constellation of offsets to decipher the data sent. One advantage of TOM is 
that pulses that are time offset tend to help smooth out the comb-like structure in the 
frequency spectrum that results from periodic pulses in the time domain. 

CIMA transmissions are controlled in the frequency domain. Because CMA 
depends on the relationship of carrier-signal phases and frequencies with respect to each 
other, it is possible to smooth out the frequency-spectrum comb structure by pseudo- 
randomly dithering the frequency of each of the carrier signals. In the system shown in 
FIG. 1, each of the frequency-shifted transmit signals S Tn coupled out of the FSFC 100 
may be similarly dithered in frequency by a multi-channel AOM (not shown) that applies 
a pseudo-random frequency shift with respect to time to all of the frequency-shifted 

transmit signals Sm- 

FIG. 9A shows the relative frequency spectrum of a group of five discreet- 
frequency modes. The modes are separated in frequency by the amount f> = .5 scaled by a 
constant n. The base frequency for each mode is f b = 1000 scaled by the constant n. In 
this case, the magnitudes of the five modes are tapered in order to reduce sidelobe levels 
in the time-domain sum of the modes shown in FIG. 9B. The pulses shown in FIG. 9B 
are envelopes that encompass a periodic signal structure whose frequency is 
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approximately f b = 1000 scaled by the constant n. The time axis shown in FIG. 9B has an 
undefined scale with respect to time due to the undefined constant multiplier n. However, 
the period of the pulses is determined by the frequency separation f\ between the modes. 
Increasing the separation between the modes results in decreasing the pulse repetition 
rate. Increasing mode separation in the system shown in FIG. 1 is accomplished by 
increasing the shift frequency f s of the AOM 107. Increasing the width of the mode group 
by adding more modes decreases the width of the time-domain pulse. This may be 
accomplished by expanding the spectral capabilities of the gain medium in the case of an 
active FSFC 100 or by increasing the intensity or number of transmit seed signals 
coupled into the FSFC 100. 

FIG. 10A shows the frequency spectrum of a pair of mode groups, each having 
similar mode separations f\ and base frequencies f b as the modes shown in FIG. 9A. The 
mode groups are separated by a relative mode-group separation frequency f gs = 3 (n x 
Hertz). FIG. 10B illustrates approximately five fringes occurring in each of the pulse 
envelopes. The fringe patterns in the pulse envelopes result from multiple mode groups 
having a distinct group separation. The system shown in FIG. 1 may be used to generate 
fringes within the pulse envelopes by inserting multiple frequency-separated transmit 
seed signals into the FSFC 100. This generates multiple mode groups provided that the 
losses within the FSFC are great enough to significantly attenuate the amplitudes of 
frequency-shifted seed signals so that the frequency-shifted seed signals do not 
completely fill the spectrum between the frequency-separated transmit seed signals. 

FIG. 1 1 A and FIG. 1 IB show how increasing the group separation frequency f gs 
between mode groups causes more fringes to occur in the pulse envelopes. In the system 
shown in FIG. 1, increasing group separation frequency f gs is accomplished by increasing 
the frequency separation of the transmit seed signals. It is important to note that the shape 
of the pulse envelope does not change with increasing group separation, only the number 
of fringes within the envelope changes. 

FIG. 12A and FIG. 12B shown relative to FIG. 10A and FIG. 10B illustrate the 
result of increasing the number of mode groups while maintaining the group separation 
frequency f gs between the groups. As the number of mode groups is increased, the fringes 
within the pulse envelopes become narrower and fringe sidelobes appear. Tapering the 



amplitude of the groups on both edges of the frequency distribution reduces the fringe 
sidelobes at the expense of making the fringes wider. 

The method of adjusting fringes that occur within the pulse envelopes provides a 
means for conveying multiple data bits within each pulse. Information streams are 
created by controlling the frequency distribution of the modes to convey different data 
bits in the output. In the cases shown in FIG. 10B through FIG. 12B, the fringe pattern is 
symmetrical. Summing out-of-phase pulses or fringes with the pulse envelope to cancel 
predetermined fringes within the pulse envelope may be performed to create 
asymmetrical fringe patterns and thus increase the amount of data sent. 

Another type of CIMA includes non-incrementally spacing the frequency 
intervals f\ of the transmitted carrier signals. Non-incremental spacing of the separation 
frequencies f\ includes non-redundant spacing, random spacing, and continuous 
frequency over selected frequency bands. FIG. 13 shows periodic time-domain pulses 
resulting from the sum of incrementally spaced carrier signals. The carrier signal 
frequencies are phased so their maxima coincide at a given time interval, time = 0, 
constructively adding to create a pulse. The incremental spacing in frequency between 
the carriers causes the maxima of the carriers to coincide periodically. FIG. 14 shows 
how non-incremental spacing of the carrier frequencies attenuates the amplitude of pulses 
that occur away from the time interval, time = 0. FIG. 15 shows sidelobes that occur due 
to minor constructive additions of the incrementally spaced carrier frequencies, whereas 
FIG. 16 shows a reduction in the magnitude of minor constructive additions that occur 
when the carrier frequencies are not incrementally spaced. In the system shown in FIG. 1, 
non-incremental spacing of the frequency-shifted transmit signals S Tn may be 
accomplished by non-redundantly or randomly spacing the transmit seed signal or by 
inserting a broadband transmit seed signal into the FSFC 100. Sending multiple or 
repeated pulses requires repeating the phase relationship between the carrier signals, 
which results in constructive interference. 

The broadband aspects of CIMA provide benefits to antenna arrays, such as 
reducing much of the sidelobe magnitude of the antenna-array patterns compared to 
narrow-band operation and reducing secondary main lobes. FIG. 17 shows the antenna- 



array patterns for ten incrementally spaced-in-frequency carrier signals. FIG. 18 shows 
the antenna-array patterns for the sum of the ten patterns shown in FIG. 17. 

In the preferred embodiment shown in FIG. 1, the FSFC 100 provides the means 
for generating frequency-shifted transmit signals Sm, which are down-converted into 
CIMA signals and transmitted from the antenna 150. This preferred embodiment 
demonstrates only one of many methods for generating CMA signals in order to provide 
a basic understanding of the characteristics of CMA. With respect to this understanding, 
many aspects of this invention may vary, such as in accordance with the methods used to 
create CIMA signals. In this regard, it should be understood that such variations will fall 
within the scope of the present invention, its essence lying more fundamentally with the 
design realizations and discoveries achieved than merely the particular designs 
developed. 

The foregoing discussion and the claims which follow describe the preferred 
embodiments of the present invention. Particularly with respect to the claims, it should be 
understood that changes may be made without departing from the essence of the 
invention. In this regard, it is intended that such changes would still fall within the scope 
of the present invention. It is simply not practical to describe and claim all possible 
revisions to the present invention which may be accomplished. To the extent such 
revisions utilize the essence of the present invention, each naturally falls within the 
breadth of protection encompassed by this patent. This is particularly true for the present 
invention since its basic concepts and understandings are fundamental in nature and can 
be broadly applied. 



